Addition of 8-oxo-7,8-dihydro-2?-deoxyguanosine (8-oxo-dGuo), a common oxidative-damaged nucleoside of 2?-deoxyguanosine, to the reaction of N-acetylcysteine with diethylamine NONOate, an NO donor, at neutral pH increased the yield of N-acetyl-S-nitrosocysteine. Addition of 8-oxo-dGuo to the reaction of N-acetyltryptophan with diethylamine NONOate accelerated decomposition of the formed N-acetyl-N?-nitrosotryptophan. In the reaction of N-acetylcysteine with N-acetyl-N?-nitrosotryptophan, the concentration of N-acetyl-S-nitrosocysteine greatly increased with the addition of 8-oxo-dGuo. In all experiments, no change in 8-oxo-dGuo concentration was observed. These results indicate that 8-oxo-dGuo can act as a vehicle of NO, and may aŠect signal transduction associated with NO in humans.
Introduction
Nitric oxide (NO) is a ubiquitous signal transduction molecule and is involved in numerous biological functions (1, 2) . NO is a radical, demonstrating both cytotoxic and cytoprotective properties (3) . Although the reactivity of NO per se is relatively low, NO is converted to a reactive nitrosating reagent, dinitrogen trioxide (N2O3), in the presence of O 2 (4) . N 2 O 3 can react with amino and imino groups in various biological molecules resulting in corresponding N-nitroso compounds (5) . N2O3 can also react with thiols such as free cysteine and cysteine residues of peptides or proteins resulting in S-nitroso compounds, nitrosothiols (6, 7) . Nitrosothiols are relatively stable and can release NO when they encounter transition metals or other reducing agents (8) (9) (10) . Therefore, it has been shown that thiols act as an NO buŠer-ing system, controlling the intra-and extracellular activities of NO.
Uric acid is the end metabolite of purine nucleobases in humans (11) . We recently reported that uric acid reacts with NO under aerobic conditions, yielding a nitrosated uric acid (12) (13) (14) . Nitrosated uric acid was unstable and decomposed with a half-life of 2.2 min at pH 7.4 and 379 C. In reactions of glutathione and Nacetycysteine (AcCys) with an NO donor, diethylamine NONOate (DEA-NO), the addition of uric acid caused increases in the yields of S-nitrosoglutathione and Nacety-S-nitrosocysteine (NO-AcCys), respectively. In reactions of N-acetyltryptophan (AcTrp) with DEA-NO, uric acid accelerated decomposition of the formed N-acetyl-N?-nitrosotryptophan (NO-AcTrp). In reactions of AcCys with NO-AcTrp, uric acid accelerated the formation of NO-AcCys. Experiments using several uric acid derivatives methylated on nitrogen atoms showed that at least an unsubstituted NH group on the oxoimidazole ring of uric acid was required to exert the eŠects of NO. These results suggest that uric acid can readily react with NO, thereby generating a nitroso derivative on the nitrogen atom of the oxoimidazole ring which, in turn, can eŠectively transfer the nitroso group to thiols. 8-Oxo-7,8-dihydro-2?-deoxyguanosine (8-oxo-dGuo) is a typical oxidative DNA damage nucleoside generated from dGuo by various reactive oxygen species (15) (16) (17) . The 8-oxo-dGuo formed in DNA is probably involved in carcinogenesis because of its mutation ability (18, 19) . 8-Oxo-dGuo has aˆve-member ring, oxoimidazole, in the base moiety as well as uric acid (Fig. 1) . Since the oxoimidazole of 8-oxodGuo has an unsubstituted NH on the 7 position, there is a possibility that 8-oxo-dGuo is a vehicle of NO and accelerates S-nitrosation as in the case of uric acid. In this study, we examined the eŠects of 8-oxo-dGuo on Snitrosation of AcCys and N-nitrosation of AcTrp by a NO donor, DEA-NO, and on transnitrosation from NO-AcTrp to AcCys.
Materials and Methods
Material: 8-Oxo-7,8-dihydro-2?-deoxyguanosine (8-oxo-dGuo) was purchased from Berry & Associates (MI, USA). N-Acetylcysteine (AcCys) and N-acetyltryptophan (AcTrp) were obtained from Sigma (MO, USA). Diethylamine NONOate (DEA-NO) was purchased from Cayman Chemical (MI, USA). All other chemicals of reagent grade were purchased from Sigma, Aldrich (WI, USA), Cica (Tokyo), and Nacalai Tesque (Osaka, Japan), and were used without further puriˆcation.
Water was puriˆed with a Millipore Milli-Q deionizer. Authentic NO-AcCys was synthesized from AcCys by bubbling a mixture of NO/O2 through AcCys solutions using a previously reported procedure (20) . Authentic NO-AcTrp was prepared from AcTrp with nitrous acid as previously reported (21) . HPLC and MS conditions: A high performance liquid chromatography (HPLC) system consisting of Shimadzu (Kyoto, Japan) LC-10ADvp pumps and an SPD-M10Avp UV-vis photodiode-array detector was used. Another HPLC system also used consisted of a Shimadzu LC-20AT pump and an SPD-6A UV-vis spectrometric detector. For reversed phase HPLC (RP-HPLC), an Inertsil ODS-3 octadecylsilane column of 4.6×100 mm and particle size 5 mm (GL Science, Tokyo) was used. The eluent was 20 mM ammonium acetate buŠer (pH 7.0) with 15z and 50z methanol for the analyses of AcCys and AcTrp, respectively. Column temperature was 209 C and the ‰ow rate was 1.0 ml/min. Electrospray ionization time of ‰ight mass spectrometry (ESI-TOF/MS) measurements were performed on a MicroTOF spectrometer (Bruker, Bremen, Germany) in positive mode for NO-AcCys and negative mode for NO-AcTrp. The sample isolated by RP-HPLC was directly infused into the MS system by a syringe pump without a column.
Quantitative procedures: The concentrations of all compounds in the reaction mixture were evaluated from integrated peak areas on HPLC chromatograms compared with those of authentic standard solutions. The concentrations of authentic standard solutions were determined spectrophotometrically with a MultiSpec-1500 UV-vis photodiode-array spectrometer (Shimadzu) using molar extinction coe‹cient e330＝727 M -1 cm
for NO-AcCys and e335＝6,100 
Results
AcCys (300 mM) was incubated with DEA-NO (300 mM) in potassium phosphate buŠer (100 mM) at pH 7.3 and 379 C, and the reaction was monitored by reversed phase HPLC (RP-HPLC). In the RP-HPLC chromatogram of the reaction mixture, a single peak was seen due to a product showing a UV spectrum with lmax＝335 nm. The product was isolated and subjected to mass spectrometry. Positive-ion ESI-TOF/MS of the product showed signals at m/z 193 for a molecular ion [M＋H] ＋ and at m/z 163 attributable to a denitrosated fragment ion [M-NO＋H] ＋ . The product was identiˆed as NOAcCys by coincidence of the HPLC retention time, UV spectrum, and MS spectrum with those of authentic NO-AcCys. Figure 2A shows the time course of the concentrations of formed NO-AcCys when AcCys was incubated with DEA-NO. The NO-AcCys concentration increased up to 8 min and then decreased slowly. Figure  2B shows AcCys and DEA-NO incubated in the presence of 8-oxo-dGuo (300 mM). The NO-AcCys concentration was ca. 2-fold greater than that in the absence of 8-oxo-dGuo. Figure 3 shows the NO-AcCys concentration change with a dose dependence on AcCys, DEA-NO, and 8-oxo-dGuo at the reaction time of 10 min. The NO-AcCys yield increased with increasing AcCys and DEA-NO doses up to 600 mM (Figs. 3A  and 3B ). The NO-AcCys yield increased from 9 to 30 mM with an increasing 8-oxo-dGuo dose from 0 to 600 mM (Fig. 3C) . Figure 4 shows the pH dependence of the NO-AcCys concentration when AcCys was incubated with DEA-NO in the absence (Fig. 4A) and presence (Fig. 4B ) of 8-oxo-dGuo (300 mM) at 379 C for 10 min. 
EŠects of 8-Oxo-dGuo on Nitrosation
At acidic pH, the yield of NO-AcCys was low. The NOAcCys yield increased with increasing pH up to pH 8, and then decreased. In the presence of 8-oxo-dGuo, the NO-AcCys yield was ca. 2-fold greater than that without 8-oxo-dGuo over the pH range examined. AcTrp (300 mM) was incubated with DEA-NO (300 mM) in potassium phosphate buŠer (100 mM) at pH 7.3 and 379 C. In the RP-HPLC chromatogram of the reaction mixture, a peak was seen due to a product showing a UV spectrum with lmax＝260 and 335 nm. The product was isolated and subjected to mass spectrometry.
Negative-ion ESI-TOF/MS of the product showed signals at m/z 274 for a molecular ion [M-H] -and at m/z 244 attributable to a denitrosated fragment ion [M -NO-H]
-. The product was identiˆed as NO-AcTrp by coincidence of the HPLC retention time, UV spectrum, and MS spectrum with those of the authentic NO-AcTrp. Figure 5A shows the time course of the concentrations of formed NO-AcTrp when AcTrp was incubated with DEA-NO. The NO-AcTrp concentration increased up to 10 min and then decreased gradually. Figure 5B shows the time course of the concentrations of NO-AcTrp in the presence of 8-oxo-dGuo (300 mM). The NO-AcTrp concentration increased up to 10 min similar to that in the absence of 8-oxo-dGuo, but then decreased more rapidly. At a reaction time of 60 min, the concentration of NO-AcTrp was 9-fold smaller than that in the reaction without 8-oxo-dGuo.
AcCys (300 mM) was incubated with NO-AcTrp (300 mM) in potassium phosphate buŠer (100 mM) at pH 7.3 and 379 C. Figure 6A shows the time course of the concentrations of formed NO-AcCys. The NO-AcCys concentration increased gradually with incubation time. Figure 6B shows the time course of NO-AcCys concentration when AcCys and NO-AcTrp were incubated in the presence of 8-oxo-dGuo (300 mM). The NO-AcCys concentration greatly increased. At a reaction time of 60 min, the concentration of NO-AcCys was 10-fold greater than that in the reaction without 8-oxo-dGuo.
In all experiments in the presence of 8-oxo-dGuo, the concentration of 8-oxo-dGuo was constant, and no peak attributable to products generated from 8-oxodGuo was observed on the HPLC chromatogram. Incu- bation of 8-oxo-dGuo and DEA-NO exerted no change in 8-oxo-dGuo concentration and no product peak in HPLC analysis. dGuo, instead of 8-oxo-dGuo, exerted no eŠect on NO-AcCys and NO-AcTrp concentrations in all experiments (data not shown).
Discussion

8-Oxo-dGuo increased the yield of NO-AcCys from
AcCys by an NO donor under aerobic neutral conditions, while 8-oxo-dGuo did not accelerate decomposition of the formed NO-AcCys (Fig. 2) . Under weakly acidic conditions, the yield of NO-AcCys was low, and the yield increased with increasing pH up to 8, and then decreased (Fig. 4) . In general, S-nitrosation of thiols occurs with the reaction of N2O3, generated from NO and O2, and thiolate (R-S -), generated from thiol (R-SH) by deprotonation. The pKa value of AcCys on the SH group has been shown to be 9.5 (23) . Increases in the yield of NO-AcCys with increasing pH up to pH 8 would be due to deprotonation on the thiol group of AcCys. DEA-NO is stable at basic pH, while DEA-NO decomposes with a half-life of 2 min at pH 7.4 and 379 C, generating NO (24) . Decreases in the rate above pH 8 is attributable to decreases in NO provided by DEA-NO. Under neutral conditions, 8-oxo-dGuo did not aŠect N-nitrosation of AcTrp by DEA-NO but 8-oxo-dGuo accelerated decomposition of the formed NO-AcTrp (Fig. 5) . In the reaction of AcCys with NOAcTrp, the NO-AcCys yield was e‹ciently increased by the addition of 8-oxo-dGuo (Fig. 6) . It has been reported that NO-AcTrp can pass its NO group to the thiol group of AcCys generating NO-AcCys via the transnitrosation mechanism (21). 8-Oxo-dGuo would accelerate the transnitrosation reaction with high e‹cien-cy. Although a similar eŠect was observed for uric acid, the e‹ciency of 8-oxo-dGuo was 2-fold greater than that of uric acid under similar conditions (13) .
8-Oxo-dGuo has an oxoimidazole ring on the base moiety as well as uric acid. Uric acid concentrations were decreased by incubation with DEA-NO and an unstable nitrosated uric acid with a half-life of 2.2 min (pH 7.4 and 379 C) was detected by RP-HPLC (12). 1,3-Dimethyluric acid, which has two NH groups in the oxoimidazole ring as well as uric acid, was also consumed in the reaction with DEA-NO and a nitrosated product was detected with a half-life of 17.9 min (pH 7.4 and 379 C) (14) . 1,3,7-Trimethyluric acid, which has an oxoimidazole with an NH group and a methylated NH group, showed no consumption but accelerated NOAcCys production in the reaction of AcCys with DEA-NO. 1,3,7,9-Tetramethyluric acid, which has an oxoimidazole with two methylated NH groups, showed no consumption and no eŠect on the reaction of AcCys with DEA-NO. 8-Oxo-dGuo had an NH group and a substituted NH group on oxoimidazole, like 1,3,7-trimethyluric acid, while the substitution was at the N-9 position by deoxyribose but not at the N-7 position with a methyl group. 8-Oxo-dGuo accelerated S-nitrosation of AcCys with no consumption of 8-oxo-dGuo, like 1,3,7-trimethyluric acid. dGuo, which has a similar structure except for the oxoimidazole ring of 8-oxodGuo, did not aŠect S-and N-nitrosation reactions. Combining these results, it is suggested that 8-oxo-dGuo receives NO at the N-7 position resulting in a nitrosated 8-oxo-dGuo, 7-nitroso-8-oxo-7,8-dihydro-2?-deoxyguanosine, (7-NO-8-oxo-dGuo). 7-NO-8-oxo-dGuo would be too unstable to be detected by HPLC analysis and passes the NO group to AcCys e‹ciently. By elimination of NO, 7-NO-8-oxo-dGuo may return to 8-oxodGuo exclusively. The possible reaction path is summarized in Fig. 7 .
Higher concentrations of urinary 8-oxo-dGuo were detected in patients with cancer, diabetes, liver in‰am-mation, alcohol drinking, cigarette smoking, and aging (25) (26) (27) (28) (29) . However, the concentration of 8-oxo-dGuo has been shown to be very low relative to that of uric acid, which has a similar ability on nitrosation. Since uric acid is a ubiquitous molecule in humans, the eŠects of 8-oxo-dGuo in inter-and intracellular ‰uids on nitrosation may be slight. 8-Oxo-dGuo also exists in DNA. When the 8-oxo-Gua moiety pairs with cytosine in DNA, the NH group at the 7 position on the oxoimidazole ring of the 8-oxo-Gua moiety is free from hydrogen bonding between the bases. 8-Oxo-dGuo in DNA in humans may accelerate S-nitrosation of thiols by NO under aerobic conditions and transnitrosation. It recently became clear that reactive oxygen species play an important role as second messengers in regulating several cell functions (30) . The present study showed that 8-oxo-dGuo interacts with NO and passes NO to a thiol. There is a possibility that 8-oxo-dGuo generated by reactive oxygen species aŠects signal transduction associated with NO in humans. This mechanism would cause complexity in the signaling pathway of NO and reactive oxygen species.
In conclusion, the present study showed that 8-oxodGuo accelerated S-nitrosation of AcCys by NO under aerobic conditions, especially transnitrosation from NO-AcTrp. The 8-oxo-dGuo formed by various oxidative stresses may aŠect the fate of NO generated in humans.
